It has been shown previously that fetal tectal tissue grafted to the midbrain of newborn host rats grows, differentiates, and receives input from the host brain. In the present study, 4 neuroanatomical techniques have been combined to examine how metabolic activity in tectal transplants is influenced by an identified host sensory pathway. Tectal tissue from El 5 pigmented rat embryos was transplanted to the midbrain region of anesthetized newborn rats of the same strain. Six to 22 weeks later, the functional relationship between tectal transplants and the visual system of the host animal was examined by mapping metabolic activity in the grafts and relating this activity to the presence or absence of host retinal innervation. Metabolic activity in tectal grafts was assessed using the radioactive 2-deoxyglucose (2-DG) method and cytochrome oxidase (CO) histochemistry.
Graft regions receiving input from host retinal axons were demonstrated by anterograde labeling after bilateral intraocular injections of HRP or WGA-HRP; all areas in grafts that were homologous to the superficial layers of normal superior colliculus (SC) were identified using AChE histochemistry.
The levels of metabolic activity demonstrated with 2-DG and CO varied between animals and within individual grafts. Grafts that did not connect with the host showed only low metabolic activity.
In grafts that received host input, localized areas of high metabolic activity were seen with both 2-DG and CO. Highest levels of activity were consistently found in areas containing both intense AChE activity and a high density of host retinal innervation.
The enhanced metabolic activity in these retinorecipient areas of the graft was frequently similar to that seen in the stratum griseum superficiale (SGS) of host SC. The increased metabolic activity seen in the retinorecipient areas of grafts may in part be attributable to presynaptic activity in the host optic terminals.
However, there is evidence that high levels of CO activity are found in postsynaptic processes at retinal synapses and that 2-DG uptake is frequently associated with postsynaptic neural activity. It is argued, therefore, that host visual pathways that grow into grafts influence the metabolic and functional activity of retinorecipient cells in the grafted tissue.
Fetal neural tissue from many different areas of the developing mammalian brain has been successfully transplanted to the CNS ofneonatal (e.g., Das, 1974; Lund and Hauschka, 1976; McLoon and Lund, 1980; Jaeger and Lund, 198 1; Sunde and Zimmer, 1983; Harvey et al., 1984; Reier et al., 1986) or adult (e.g., Stenevi et al., 1976; Bjijrklund and Stenevi, 1977; Kromer et al., 1981; Hallas, 1982; Oblinger and Das, 1982; McLoon and Lund, 1983; Sunde and Zimmer, 1983) hosts. The grafts survive, grow and differentiate within the host, and often form functional connections with the host brain. Electrophysiological studies have shown that grafts can alter host brain activity (Segal et al., 198 1, 1985; Simons and Lund, 1985) and in many instances influence the behavior of the recipient animal (e.g., Perlow et al., 1979; Dunnett et al., 1982; Gash et al., 1982; Gage et al., 1983; Freed et al., 1984; Gibson et al., 1984; Buchanan and Nomes, 1986) . The potential use of grafts in replacing damaged or deficient elements in the CNS has been wideiy documented. For optimal integration of neural tissue grafts with the host brain, the grafts must themselves be functionally innervated by host nerve pathways. It has been shown that metabolic activity in substantia nigra grafts that reinnervate the neostriatum is equivalent to that in intact substantia nigra (Schmidt et al., 1982) . Local glucose use in previously denervated hippocampus can also be restored by implantation of embryonic septal grafts, which provide new cholinergic innervation (Kelly et al., 1985) . To date however, the influence of host innervation on neuronal activity in grafts has received little attention. This is a significant oversight, as the successful use of grafts for reconstruction of damaged brain pathways may be dependent on the establishment of effective reciprocal connections between the transplant and the host.
It has previously been shown that fetal tectal tissue transplanted to the midbrain region of neonatal rats receives input from many areas in the host brain (Harvey and Lund, 1981) . At least 2 of these projections, from host retina (Lund and Hauschka, 1976; Lund and Harvey, 198 1) and visual cortex (Harvey et al., 1982) form synapses on grafted tectal neurons. Electrophysiological studies have demonstrated that the host cortical input elicits excitatory responses from neurons in transplants; however, the functional efficacy of the host retinal projection remains unclear (Harvey et al., 1982) .
Another way of studying how host primary visual pathways influence tectal graft activity is to relate host innervation to graft metabolism. In normal animals, retinorecipient areas such as the dLGN and superficial layers of the superior colliculus (SC) respond to alterations of visual sensory input with changed levels of metabolic activity. These changes can be demonstrated using the cytochrome oxidase (CO) (Wong-Riley, 1979; Wong-Riley and Riley, 1983) and radioactive 2-deoxyglucose (2-DG) (Miyaoka et al., 1979; McCulloch et al., 1980) techniques.
CO is a mitochondrial enzyme involved in the oxidative phosphorylation that yields ATP. In rat SC, CO activity is highest in the superficial gray and intermediate layers (Sandell, 1984) . Uptake of 2-DG, a glucose analog, reflects metabolic activity in terms of glucose consumption and is coupled to the physiological activity of nerve pathways (Sokoloff et al., 1977) . In the intact mammal the stratum griseum superficiale (SGS) of the SC, which receives visual input, always shows the highest metabolic activity. The deeper layers of the SC, which receive input from other sources, including the auditory and somatosensory systems, exhibit lower levels of activity.
In the present study, we have used the 2-DG and CO techniques to examine the degree of metabolic activity in tectal transplants. The relationship between graft metabolism and host retinal innervation has been directly assessed by injecting HRP or wheat-germ agglutinin-conjugated HRP (WGA-HRP) into the host eyes and comparing the distribution of labeled host retinal axons with the pattern of metabolic activity in the graft neuropil. It has been shown previously that AChE histochemistry can be used to identify areas in grafts homologous to the superficial layers of normal SC (Harvey and MacDonald, 1985) . We have therefore employed this additional method to locate AChE-rich areas in the grafts and to determine how the metabolic activity in these specific regions is affected by the presence or absence of host retinal afferents. A preliminary account of this work has been published in abstract form (Dyson et al., 1987) .
Materials and Methods
Rat fetuses of 15 d gestation (E 15; day after mating, EO) were removed from anesthetized mothers ofthe hooded strain. Tectal tissue containing developing SC was removed from each fetus, stored in cool Ham's FlO culture medium, and then transplanted onto the midbrain of etheranesthetized newborn rats of the same strain (see Lund and Harvey, 198 1, for details).
Metabolic activity in the brains of 27 host animals was assessed 6-22 weeks after transplantation.
Twenty-one animals were tested for 2-DG uptake; 5 of these animals were also examined for CO activity. The brains of 6 hosts were examined solely for CO activity.
2-DG experiments. The 2 1 host rats in this group were all anesthetized and received bilateral intraocular injections of HRP, 7 received 2.5-3.0 ~1 of 30% HRP (Boehringer Type I) in 2% dimethyl sulfoxide (DMSO) and 14 received 1.5-2.0 ~1 of 1.5% WGA-HRP (Sigma) in distilled water. After 24 hr, each animal was injected intraperitoneally with 1.5 mCi/kg of )H-2-DG (Amersham). Animals were kept under 600 lux illumination (Mivaoka et al.. 1979 : McCulloch et al.. 1980 ) for 45 min. anesthetized, and then rapidly perfused. Several fixatives were used, all at room temperature in 0.1 M phosphate buffer, pH 7.2-7.4. Nine animals were perfused with 2.25-2.5% paraformaldehyde, and 12 with 1.5-2.0% naraformaldehvde/ 1 .O% dutaraldehvde. This fixative concentration was varied in an-attempt to optimize the retention and localization of both 2-DG and HRP/WGA-HRP in the brain. After rapid perfusion, the brains were removed as quickly as possible and frozen in isopentane at -70°C. Some were sectioned immediately and others stored at -90°C prior to tissue sectioning and processing. Grafts were not found in 3 hosts, and in another a graft was visible but clearly not attached to the host brain. These 4 brains were not processed further.
Seventeen brains containing transplants were sectioned on the cryostat at -20°C. A complete series of frozen sections (25 pm thickness) of the transplant and underlying brain stem was prepared from each animal. The sections were collected in sets of 4. The initial section of each set was thaw-mounted onto a glass slide, then rapidly dried and exuosed to LKB Ultrofilm for 4-5 weeks. Autoradioaraphic tritium microscales (Amersham) were included with each film-for calibration purposes. The remaining serial sections were stored in buffer at 4°C. A section from each set of 4 was reacted for HRP uptake (tetramethylbenzidine, TMB, method; Mesulam, 1978) and another for AChE activity (Kamovsky and Roots, 1964) ; the remaining section of the set was used either to repeat the HRP histochemistry, or (in 5 animals) to demonstrate CO activity (Wong-Riley, 1979 ).
Uptake of 2-DG into the superficial layers of SC in situ and its relation to retinal input was examined in one additional normal pigmented rat and in one rat bilaterally enucleated at birth. In these 2 animals, a 2.5% paraformaldehyde/l .O% glutaraldehyde fixative was used. Tissue processing for 2-DG autoradiography was as described above.
Automated quantitative analysis of 2-DG autoradiographs was performed by digitizing the images using a videocamera and a DS65 board in an Apple II Plus microcomputer.
Pixel data were thresholded across a nonlinear scale and printed out such that the range of optical densities in the autoradiograph was represented in the range of contours in the reconstructed image. The contour values can be converted to radiation data by reference to the optical densities of the autoradiographic standards. Pixel data analysis was facilitated by Super scan software (Micro Works). The computerized images shown in Figures 2 and 3 were produced by an enhancement routine that substitutes a pixel value by the mean of itself and the 8 adjacent pixel values, with the result that contoured regions are clarified (e.g., compare Fig. 1 D with 2B ). In the filtered data, the edge can become fuzzy where a high-contrast region meets a low-contrast region; hence the area arrowed in Figure 2B is closer to the edge of the tissue than is shown in this figure owing to the processing of the data.
Cytochrome oxidase (CO) experiments. In addition to the five 2-DG animals in which a series of tissue sections was also stained for CO histochemistry, 6 animals were perfused specifically for CO localization in tectal transplants. Under anesthesia, these rats received bilateral intraocular injections of 2.5-3.0 ~1 of 30% HRP in DMSO. After 24 hr. the animals were deeply anesthetized and were perfused with a solution of 2.5% paraformaldhvde, 1.5% alutaraldehvde. and 4.0% sucrose in 0.1 M phosphate buffer, pH 7.2-7.4 (Wong-Riley, 1979). Brains were encapsulated in an albumen-gelatin mixture and 40 Mm frozen sections were cut on a sledge microtome. Parallel series of sections were processed for CO, AChE, or HRP histochemistry, as described above.
Results
In this study we have combined 4 neuroanatomical techniques in order to examine directly how an identified host nerve pathway influences metabolic activity in CNS grafts. Simultaneous use of these techniques to visualize 2-DG uptake, anterograde WGA-HRP or HRP transport, CO activity, and AChE histochemistry was difficult and, to our knowledge, has not been attempted previously.
Grafts of tectal tissue that were implanted over the midbrain showed varied levels of metabolic activity. This variation occurred between animals and within individual grafts. Grafts that had no obvious connections with the host brain showed very low metabolic activity in comparison to the host's (e.g., Fig.  30 ). In grafts that received input from the host, prominent foci of metabolic activity were seen with both CO and 2-DG. In 2-DG autoradiographs, these foci contrasted sharply against the lower level of activity in the remainder of the graft. Localized areas containing the highest metabolic activity were studied closely in the semiadjacent serial sections stained for HRP and AChE.
Relationship between retinal input and metabolic activity An example of high activity of the mitochondrial enzyme CO in a transplant situated over the host SC is shown in Figure 1A . A source of host neuronal input to this region was identified by the presence of HRP-labeled fibers derived from the host retina (Fig. 1B) . This area, in turn, corresponded with a localized area of intense AChE staining (Fig. 1 C) . This series of micrographs (Fig. 1, A-C) demonstrates that when the region ofthe transplant that contains appropriate target tissue makes connections with Figure I . Photomicrographs demonstrating the relationship between retinal input and metabolic activity in 2 transplants. A-C, A transplant (7) situated above the host SC. SGS, stratum griseum superficiale. Experiment M24. A, CO. Highest activity of this mitochondrial enzyme is seen in the right extremity of the transplant (arrow). B, TMB-HRP (light field). The location of HRP-labeled axons is arrowed. An area of less intense labeling is also seen on the left side of the graft. C, AChE. The localized area of intensely stained transplant tissue (arrow) is equivalent to the HRPlabeled region demonstrated in B and the CO patch seen in A. D-F, A transplant (2) attached in the midline at the level of the host superior colliculi (SC). Experiment M33. Demonstration of metabolic activity using 2-DG mapping. D, 2-DG autoradiograph. Computerized activity contours. The area of the transplant showing high metabolic activity is arrowed. The optical-density calibration on the left represents metabolic activity in the section, with the highest activity at the top (black) and the lowest, equal to background noise, being white at the bottom of the scale. ./J', TM&HRP (dark field). A localized area of heavily labeled retinal input on the upper surface is urrowed. F, AChE. A localized area of intensely stained tissue on the surface is urrowed, a more deeply placed dense "patch" is also present. The surface patch is equivalent to the retinorecipient area seen in E. Note, however, that the deeper patch does not receive any retinal input. Calibration bars: 50 pm (A, B); 100 ym (C); 1 mm (II); 200 pm Q; 500 pm (4. the host sensory system, high levels of CO enzymic activity can occur.
This correlation between the presence of appropriate target tissue, establishment of retinal connections, and high metabolic activity was also demonstrable with the metabolic marker 2-DG (Fig. 1, &fl .
The computer enhancement of a 2-DG autoradiograph shows a localized area of high metabolic activity on the surface of a transplant (Fig. 1D) . The level of activity in this region was equivalent to that seen in the adjacent host superficial SC layers. Comparison with a TMEHRP-labeled section ( Fig.  1E ) and an AChE-stained section ( Fig. 11;) revealed that the area in the graft containing high metabolic activity received host retinal input and contained intense AChE activity. A more deeply placed AChE-rich area was also evident (Fig. lfl . Note, however, that this deeper patch did not receive retinal input, and metabolic activity-although slightly higher than in the surrounding neuropil-was not localized in the same manner as was seen in the surface patch. Areas in grafts with the highest 2-DG uptake were always innervated by host retinal fibers. In 5 animals, processing for CO, AChE, HRP, and 2-DG autoradiography was carried out. An example is shown in Figure 2 . There was a clear correlation between high metabolic activity (shown by both the 2-DG and CO markers), AChE activity and host retinal innervation in this particular tectal graft.
It was necessary to establish that elevated metabolic activity (1) was not an intrinsic property of AChE-positive cells and (2) was dependent on the presence of specific connections with the host CNS. These points are demonstrated in Figure 3 . A localized region of intense AChE activity located close to the aqueduct in an embedded transplant (Fig. 3A) did not receive retinal input. This was established with TMB-HRP tracing. CO activity in this easily definable region was extremely low (Fig.  3B) . It is therefore clear that AChE-positive cells, which are presumably homologous to those seen in the SGS, did not necessarily have intrinsically high metabolic activity. The transplant depicted in Figure 3 , C, 0, lay over the host SC but had (1) is not an intrinsic property of AChE-positive cells (A, B and C, 0) and (2) is dependent on retinal input (E, F). A, B, A deeply embedded transplant (7) lying within the cerebral aqueduct (Aq). PAG, periaqueductal gray. A, AChE. A localized region of intense AChE activity is arrowed. TMB-HRP tracing established that this tissue did not receive retinal input. B, CO. The arrow indicates the position equivalent to that seen in A. Activity is quite low in this region; it is therefore clear that AChE-positive cells do not necessarily have intrinsically high metabolic activity. C, D, A transplant (7) lying above the surface of the superior colliculus (SC) ventromedial to the cerebral cortex (Cx). This graft received no host innervation. C, AChE. Localized patches of intense AChE activity (arrows) indicating potential retinorecipient cells. D, 2-DG autoradiograph.
Computerized activity contours. It is clear that metabolic activity in the presumptive SGS cells demonstrated in C does not rise above the low activity levels of the rest of the transplant when input with the host is not established. Highest activity at the top of calibration scale (black), lowest (white) at the bottom. E, F, 2-DG autoradiographs of midbrain sections from a control rat Q and from a rat enucleated bilaterally at birth Q. B, Note the elevated metabolic activity in the superficial layers of the SC (square bracket). F, There is no corresponding intensification of silver grains in the SC. Calibration bars: 200 pm (A, B) ; 500 pm (C, D); 1 mm (E, F). no evident connections with the host CNS. TMB-HRP tracing was used to confirm the lack of connectivity with the retina. It can be seen from the computer enhancement of the 2-DG autoradiograph that, when input from the host was not established, metabolic activity in the presumptive SGS cells labeled with AChE did not rise above the low levels generally found throughout the graft neuropil.
A comparison of 2-DG autoradiographs showing midbrain sections obtained from a control rat (Fig. 3E) and from a rat enucleated bilaterally at birth (Fig. 3F) shows that elevated metabolic activity in the superficial layers of the normal superior colliculus is dependent on the presence of retinal input. There is no definitive intensification of silver grains in the SC of the enucleated rat (Fig. 30 . Clearly, when retinal input is removed, metabolic activity in these layers is reduced in comparison to normal values. The correspondence between foci of elevated metabolic activity in the graft and the presence of host retinal input demonstrates that metabolism in the graft and sensory input from the host are closely interlinked in a manner analogous to that of the host tissue.
In one animal, a focal patch of raised 2-DG uptake was seen within a transplant that was embedded deep within the host midbrain, adjacent to the cerebral aqueduct. This graft did not receive any host retinal input. However, given that many regions in the host brain send axons into tectal tissue grafted into newborn hosts (Harvey and Lund, 198 l) , it is possible that this variation in metabolic activity was related to the presence of functional afferents from other, unidentified regions of the host brain (cf. Harvey et al., 1982) .
Discussion
This study was undertaken to ascertain the possible influences of host input on metabolic activity within a tectal graft. A striking finding was the. correlation of the sites of high levels of metabolic activity with retinorecipient foci in the graft.
In mammalian primary visual pathways it has been shown that there is normally a close correlation between metabolic and functional activity. For example, CO activity in macaque striate cortex decreases when physiological activity in retinofugal pathways is blocked with tetrodotoxin (Wong-Riley and Carroll, 1984) . It has also been shown that, in normal rat SC, light stimulation (Miyaoka et al., 1979) or application of pharmacological agents such as apomorphine (McCulloch et al., 1980) increases 2-DG uptake in the superficial retinorecipient layers. In the absence of retinal input there is a substantial reduction of 2-DG uptake in the superficial SC (e.g., Fig. 3 , E, F) (McCulloch et al., 1980) .
In the present study, CO histochemistry and 2-DG autoradiography were used to provide information about the level of metabolic activity in tectal transplants. The levels of activity demonstrated with these techniques varied from one graft to another and, within a given transplant, there were local variations in 2-DG uptake and CO activity. Importantly, areas that showed the most marked increases in metabolic activity were correlated with patches that had high AChE activity and were innervated by host retinal axons. Indeed, in some instances, the levels of CO activity and 2-DG uptake found in these patches were qualitatively similar to those seen in the host superficial SC layers. The computerized activity contours of the 2-DG autoradiographs confirmed that this was the case, at least for glucose uptake-related metabolic activity. This is a significant observation, since it has previously been demonstrated that the density of optic synapses in tectal transplants can be as high as that found in the SGS of normal SC (Lund and Harvey, 198 1) . Note that cells in the localized AChE-dense areas in grafts that are believed to be homologous to the superficial retinorecipient layers of normal SC (Harvey and MacDonald, 1985) did not necessarily have a high level of metabolic activity. Thus, high metabolic activity is not an intrinsic property of AChE-positive regions.
With regard to the specific influence of host retinal innervation on graft metabolism, it is clearly important to determine to what extent the increased metabolic activity in grafts reflects presynaptic or postsynaptic activity.
Presynaptic versus postsynaptic location Electron-microscopic studies in other parts of the visual system suggest that most CO activity is located in mitochondria of the postsynaptic dendrites. In the LGN of the cat, CO activity in the neuropil increases as synapses on dendrites mature (Kageyama and Wong-Riley, 1986 ). This increased activity is principally due to increasing numbers of reactive mitochondria in the growing dendrites. In macaque lateral geniculate and striate cortex, much of the CO activity is also located in darkly reactive mitochondria in the dendrites (Hiltgen and Wong-Riley, 1986; Liu and Wong-Riley, 1986 ). Thus, in 2 regions of the visual system, it has been demonstrated that CO activity is dependent on enzyme activity in the postsynaptic region. In the case of the LGN, the input was from retinal axons, analogous to the situation with the grafts. It therefore appears reasonable to conclude that the elevated CO activity in areas of the graft that received retinal input was partly attributable to increased activity in the dendrites of the grafted cells. This conclusion is reinforced by the similarity between levels of enzyme activity in these areas and in the host SC.
It is not possible to directly ascertain the principal synaptic location of 2-DG activity. The tracer metabolite 2-DG-6-phosphate is soluble in water, and while it has been possible to record isotopic activity in electron-microscopic preparations (Buchner and Buchner, 1982; Benson et al., 1985) the resolution of these procedures does not allow reliable conclusions to be drawn about the synaptic location of metabolic activity. There is little doubt that presynaptic terminal activity contributes to observed 2-DG uptake. However, activity in the postsynaptic terminal is also considered to be important. In fact, physiological studies suggest that there is a tight coupling between 2-DG labeling and output spike activity (Schoppmann and Stryker, 198 1; Theurich et al., 1984; cf. Lowe1 et al., 1987) . The critical point of the present study is that levels of metabolic activity in retinorecipient areas of the transplant were, on occasion, very similar to those seen in the intact SGS. Thus, irrespective of the proportional contribution to total activity made by pre-and postsynaptic terminals, there was equivalence of metabolic activity in the host and transplant. This suggests that the retinally innervated areas of the transplant may be functioning in a manner analogous to that of host tissue.
In summary, this series of experiments demonstrates that the activity of cells in tectal grafts is modified by input from the host eyes. That is, input directed through a host sensory system is able to influence metabolic activity in areas of a transplant that have made appropriate connections. It is argued that the host afferents influence functional activity in postsynaptic cells in these regions. In other CNS systems, grafts have been shown to affect neural activity in the host brain and to ameliorate physiological and behavioral deficits. In the longer term, it is important to determine whether neural transplants can establish a network of effective reciprocal connections leading to significant integration of the graft with the host brain.
